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ABSTRACT: In a variety of applications, functionalization of gold
nanoparticles is needed to ensure adequate surface charge and
hydrophobicity for their biodistribution, interparticle interactions,
or self-organization. In the present paper, we provide an economic
way for the synthesis of hydrophobized poly(ethylenimine) (PEI)
capped gold nanoparticles at room temperature using sodium
dodecyl sulfate (SDS). The approach is based on the controlled
competition between the nucleation of gold nanophases within the
PEI molecules and the SDS binding onto their amine groups. This
can be achieved via utilizing the strongly irreversible nature of the
association between the oppositely charged polymer and that of the surfactant molecules. Speciﬁcally, by varying the order and
timing of SDS addition during the process of gold nanoassembly formation, the size distribution, the morphology, and the local
hydrophobic environment of the produced Au-PEI/SDS nanohybrids can be tuned even at one composition of the system. The
results may be further exploited for the preparation of noble metal nanoassemblies with controlled hydrophobicity and charge.
■ INTRODUCTION
The preparation and functionalization of gold nanoparticles
(AuNPs) have initiated intensive research in the last two
decades since they represent great potential in a variety of
ﬁelds such as catalysis, optical, and spectroscopic devices as
well as biomedical formulations and colorimetric sensors.1−4
The various applications utilize a diversity of diﬀerent gold
nanosystems with speciﬁc requirements for the size, shape,
stability, and hydrophobicity of these AuNPs. The synthesis is
usually based on the reduction of gold(III) ions followed by
the controlled growth of NPs with stabilizing additives.5,6
Nowadays, a great deal of diﬀerent preparation methods is
routinely used, both in aqueous and nonpolar media. An
important current requirement is related to green nanoparticle
synthesis routes, i.e., excluding high temperature conditions as
well as excessive usage of organic solvents and additives.7
Polyelectrolytes (PE) play a crucial role in the stabilization
and applications of AuNPs via their controlled interactions
with the preformed particles.8−12 Among the diﬀerent
polyelectrolytes, polyamines oﬀer a unique alternative for
gold NP synthesis since they may simultaneously act as
reducing, stabilizing, and capping agent as well. In particular,
branched polyethylenimines (PEI) are frequently utilized for
gold NP synthesis due to their commercial availability,
biocompatibility, and dendrimer-like structure.13−18 Depend-
ing on the applied solvent and experimental conditions, either
single gold NPs16,19 or supraparticles embedded in the PEI
matrix may be formed.17,20,21
Recent studies revealed the optimization of PEI-assisted gold
nanoparticle synthesis22 and their extensive applications.22−27
For instance, Philip et al. synthesized large AuNPs for surface-
enhanced Raman scattering studies via a PEI-assisted seed-
mediated method, where the size and polydispersity of the NPs
were controlled by the ratio of the PEI and that of the seeds.26
PEI-capped AuNPs have also been suggested for medical
applications23−25 as well as for colorimetric sensing of
heparin27 due to the good stability of their dispersions in the
biologically relevant pH and temperature range. Kim et al.
revealed that the PEI entrapped AuNPs could be used for the
preparation of speciﬁc surface ﬁlms at the water−hexane
interface in the presence of alcohol containing alkanethiols.28
In the majority of the applications of gold NPs, their further
functionalization is of paramount importance. For instance, the
surface charge and hydrophobicity of the NPs have a
prominent role in the biodistribution and self-organization of
AuNPs in aqueous medium.29,30 For this aim, Mitamura et al.
investigated the self-assembly of cetyltrimethylammonium
bromide (CTAB) coated AuNPs in the presence of other
additives. However, for the fabrication of a hydrophobic shell
around the AuNPs, a three step method was needed by making
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use of silanes and organic solvents as well.31 In principle,
polyelectrolyte/surfactant (PE/S) interactions can also be used
for surface modiﬁcation and functionalization. For instance,
chemically12 or physically bound10 surfactant layers were used
earlier to fabricate alternating polyelectrolyte layers. However,
to ensure adequate charge of these surfactant coated gold NPs,
usually multistep methods and/or chemical functionalization
of the gold NPs are needed. Furthermore, although these
multilayers may be used for interesting applications, such as
the fabrication of hollow polyelectrolyte capsules, they are not
necessarily suitable for the preparation of gold NPs with
tunable hydrophobicity and charge.
In our previous work, it was shown that the charge and
hydrophobicity of the PEI-capped AuNPs, prepared at 80 °C,
can be modiﬁed via their rapid mixing with sodium alkyl sulfate
surfactants due to their interaction with the remaining
protonated amine groups of PEI.32 This is attributable to
those earlier ﬁndings, which revealed that the charge, structure,
and hydrophobic character of aqueous PEI-SDS complexes
were largely dependent on the protonation degree of PEI as
well as on the bound amount of SDS.33−38 These studies also
indicated that the various properties of this system could be
largely aﬀected through the application of adequate solution
preparation methods, due to the nonequilibrium nature of
oppositely charged polyelectrolyte/surfactant association at
low ionic strengths.33−35,39−42
In the present paper, we provide an economic and simple
synthesis method of Au-PEI/SDS nanoassemblies with more
versatile structure and size distribution than in the case of the
high temperature method.32 For this aim, we will manipulate
various processes, which occur simultaneously at room
temperature and primarily governed by the available amine
groups of PEI; i.e. the anionic surfactant binding, formation of
gold complexes, the reduction of Au(III) ions, and the
stabilization of the gold NPs. Speciﬁcally, the eﬀect of the
order of addition on the formation of gold nanoassemblies will
be explored using dynamic light scattering (DLS), electro-
phoretic mobility, UV−vis−NIR, and ﬂuorescent spectroscopy
as well as TEM techniques. We will demonstrate that the
controlled order and timing of SDS addition to PEI and
HAuCl4 result in gold nanohybrids with tunable size,
morphology, and hydrophobicity at the same analytical
composition of the system.
■ EXPERIMENTAL SECTION
Materials. The sodium dodecyl sulfate sample (SDS, Sigma-
Aldrich, ≥98.0%) was recrystallized twice from ethanol. The cmc of
SDS in water was found to be 8.1 mM at 25.0 ± 0.1 °C from
conductivity measurements. The branched poly(ethylenimine) (PEI,
Sigma-Aldrich) sample has a mass averaged molar mass of 25 kDa
with an approximate 1:2:1 ratio of the primary, secondary, and tertiary
amine groups.33 Ultrapure water (Milli-Q) was used for the
preparation of the solutions.
Solution Preparation Methods. The aqueous solution of
HAuCl4 was added to poly(ethylenimine) PEI solution to prepare a
20 mL mixture (HAuCl4−PEI premix) under continuous stirring with
a magnetic stirrer (1800 rpm). The ﬁnal PEI (in ethylenimine (EI)
monomer concentration) and HAuCl4 concentrations were 1.2 and
0.2 mM, respectively, which resulted in a mixture with pH 4
(measured by a ProLab 1000 pH meter using a combined glass
electrode). The SDS stock solution was prepared freshly and used
within 1 day. In our experiments, three diﬀerent sample preparation
methods were used as described below.
I. Method: HAuCl4 + PEI → Addition of SDS. During the ﬁrst
sample preparation method, 1.5 mL SDS solution was added rapidly
to the 1.5 mL HAuCl4−PEI premix (immediately after its
preparation) at room temperature under continuous stirring (1800
rpm). The mixtures were stored at 25 °C before measurements
(usually 1 day and/or 1 week after preparation).
II. Method: SDS + PEI→ Addition of HAuCl4. At ﬁrst, 1.44 mL PEI
solution and 1.44 mL SDS solution were mixed by a magnetic stirrer
(1800 rpm). Next, 0.12 mL concentrated HAuCl4 solution was added
immediately to the PEI/SDS mixture under continuous stirring (1800
rpm) to get the same ﬁnal concentrations as via the application of the
I method. The prepared mixtures were stored at 25 °C before
measurements. The illustration of the ﬁrst two preparation methods (I
and II) is shown in Figure 1.
III. Method: HAuCl4 + PEI → Delayed Addition of SDS. This
mixing protocol is the extension of the I method. However, the 1.5
mL SDS solution was added to the 1.5 mL HAuCl4−PEI premix
(under continuous stirring at 1800 rpm) only after a well-deﬁned
waiting time period, which is called delay time (tD) throughout the
text which usually varied between 1 and 90 min (occasionally much
longer delay times are also applied). After this delayed surfactant
addition, the mixtures were kept at 25 °C before measurements. The
illustration of this preparation method is shown in Figure 2.
UV−vis−NIR Spectroscopy. The formation of AuNPs was
monitored by observing changes in the absorption spectra at 25 °C.
Figure 1. Schematic illustration of the I and II sample preparation methods. After their preparation, the samples were stored at 25 °C before
measurements.
Figure 2. Schematic illustration of the III preparation method
(delayed addition of SDS).
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A PerkinElmer Lambda 1050 UV−vis−NIR spectrophotometer was
used to record the spectra in the 200−1000 nm wavelength interval in
a quartz cuvette with path length of 1.00 cm. In some cases, the
spectra are shown in the 320−800 nm wavelength range for the sake
of simplicity.
Electrophoretic Mobility Measurements. The mean electro-
phoretic mobility (uζ) of the gold/PEI/SDS nanoassemblies was
determined at 25.0 ± 0.1 °C, using a Malvern Zetasizer Nano ZSP
instrument. The apparatus utilizes the M3-PALS technique to derive
the mean velocity of the nanoassemblies (vE) at a given electric ﬁeld
strength (E), from the measured frequency shift of the scattered light
due to the moving particles. The mean mobility values are given from
the well-known uζ = vE/E relationship.
Dynamic Light Scattering (DLS) Measurements. The mean
size of the nanoassemblies was monitored by dynamic light scattering.
The experimental setup (Brookhaven Instruments) consisted of a BI-
200SM goniometer system and a BI-9000 AT digital correlator using
a Genesis MX488-1000 OPS laser (1 W). The measurements were
carried out at λ = 488 nm wavelength, at θ = 90° scattering angle and
at 25.0 ± 0.1 °C, 24 h as well as 1 week after the preparation of the
systems. The mixtures were ﬁltered through a 0.45 μm pore-size
membrane ﬁlter prior to the measurements. The apparent mean
diﬀusion coeﬃcient of the particles (Dapp) was derived from the
second-order cumulant analysis of the autocorrelation functions and
their apparent mean hydrodynamic diameter (dH) was calculated on
the basis of the Einstein−Stokes relation: = πηD
k T
dapp 3
B
H
where T is the
temperature, kB is the Boltzmann constant, η is the viscosity of the
medium. Occasionally, the apparent mean Stokes diameters were also
determined from DLS measurements taken at θ = 173° scattering
angle by the back scattering utility of the previously described
Malvern Zetasizer Nano ZSP instrument using a 10 mW He−Ne laser
at λ = 633 nm. In the investigated concentration range, the dH values
were not dependent within experimental errors on the type of the
applied DLS setups.
Transmission Electron Microscopy (TEM). The nanoparticle
dispersions were drop-dried on carbon coated microgrids for the
TEM study. A Philips CM 20 (200 kV) microscope was used for the
conventional electron microscopy (bright ﬁeld and dark ﬁeld images)
in order to characterize the shape and average size of the particles.
Steady-State Fluorescent Measurements. An appropriate
amount of pyrene was dissolved in acetone and this solution was
placed into a set of vials from which the solvent was removed. Then
the given aqueous mixtures were poured into these vials. The pyrene
concentration was 1 × 10−6 M in each sample. Before the ﬂuorescence
measurements, the given systems were stirred for 24 h. Various
HAuCl4/PEI/SDS mixtures were prepared with one of the mixing
methods described above. After their preparation, the systems were
thermostated for a day or for a week before putting them into the
pyrene containing vials. Control experiments were also performed
with SDS, PEI/SDS, and PEI solutions as well as with surfactant free
Au-PEI nanoparticle dispersions. Pyrene ﬂuorescent spectra were
measured on a JASCO FP-8300-LC ﬂuorimeter. The excitation
wavelength was 320 nm and emissions were recorded in the 360−420
nm wavelength range. The characteristic I1/I3 ratio of the ﬂuorescence
intensities belonging to the ﬁrst (372 nm) and third (385 nm)
vibronic bands was used to monitor the micropolarity of the formed
nanoassemblies. To test reproducibility, all of the systems were
prepared ﬁve times by a given preparation method (i.e., by the II
method or by the III method at the chosen delay times). The
presented I1/I3 ratios are the averages of those values measured for
the ﬁve samples.
■ RESULTS AND DISCUSSION
We start our discussion with the comparison of the impact of
the ﬁrst two preparation methods on the gold nanoassembly
formation. In Figure 3, the UV−vis−NIR spectra of the
mixtures 1 day after their preparation via the I (HAuCl4 + PEI
→ addition of SDS: left panel) and the II (SDS + PEI →
addition of HAuCl4: right panel) methods are shown at
diﬀerent surfactant concentrations, which are outside of the
precipitation regime.
The application of the smallest surfactant concentration
results in a very similar surface plasmon resonance (SPR) peak
of the spectrum as that of the quasispherical bare gold NPs, for
both mixing methods. In contrast, at higher SDS concen-
trations both the spectra and the visual appearance of the
samples (as indicated by the photos at the bottom of Figure 3)
are largely diﬀerent compared to the surfactant free, PEI
capped gold NPs. Furthermore, they are also signiﬁcantly
dependent on the preparation protocols. Speciﬁcally, at
surfactant excess the SPR peaks are wider and there is a red
shift in the peak positions for the samples prepared by the I
method as compared to the bare gold NPs. The application of
the II method also leads to a red shift of the SPR peak;
however, the peak becomes even wider alluding to the
presence of large aggregates. Furthermore, at the highest
Figure 3. UV−vis−NIR spectra and photos of the samples 1 day after their preparation by the I (left) and the II (right) methods. The width of the
lines is commensurable with the standard error of the measurements. On the photos, the SDS concentration increases from left to right (0; 0.15;
0.7; 1; 2; 4; 6; 8 mM, respectively). cAu = 0.1 mM and cPEI = 0.6 mM.
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investigated surfactant concentrations (e.g., at 6 and 8 mM
SDS) almost colorless samples with low absorbance values as
well as the absence of an SPR peak was observed for the
second preparation method. As shown, in Figure S1, in the
case of the ﬁrst preparation method, the peak positions did not
change remarkably, whereas the absorbance values and the
color intensity are enhanced considerably within 1 week,
especially at surfactant excess. On the other hand, 7 days after
the preparation of the samples by the II mixing method, wide
SPR peaks as well as more intense bluish colors and enhanced
absorbance values are observable even at the highest SDS
concentrations, indicating the formation of large gold NP
aggregates.
In Figure 4, the mean electrophoretic mobility (uζ) and the
apparent mean Stokes diameter (dH) of the gold nano-
assemblies are plotted 1 day and 1 week after their preparation,
respectively, via the ﬁrst and second mixing protocols. The
bare, PEI capped gold NPs form a stable dispersion due to the
electrostatic stabilization of the remaining protonated amine
groups, which did not participate in the reduction process of
Au(III) ions. The association with SDS compensates the
positive charges of the PEI capped AuNPs, which leads to their
coagulation and precipitation at intermediate surfactant
concentrations. With a further increase of the SDS
concentration, however, dispersions of negatively charged
gold nanohybrids are formed.
A remarkable feature of Figure 4 that the mobility values of
the Au-PEI/SDS nanoassemblies are dependent neither on the
order of addition of SDS, nor the time passed after their
preparation. In contrast, the mean size of the NPs and its time
dependence reveal large deviations for the two mixing
methods, especially at surfactant excess. Speciﬁcally, during 1
week, signiﬁcant aggregation occurs in the case of the second
preparation protocol, whereas the mean diameter of the gold
nanoassemblies does not change considerably in time for the
ﬁrst preparation method. As a result, after 1 week the mean
size of the NPs formed through the application of the II
method becomes signiﬁcantly larger than that of the samples
prepared by the I method. However, even via the application of
the ﬁrst method, the mean diameter of the overcharged
nanoassemblies (dH ≈ 40 nm) is considerably larger compared
to that of the bare PEI entrapped AuNPs (dH ≈ 20 nm).
The large agglomerates of the gold nanoassemblies, prepared
by the I and II methods at surfactant excess (between 2 and 8
mM SDS), are shown in the TEM images of Figure 5. As can
be seen, in the case of the ﬁrst method more compact and
closed aggregates are formed as compared to the looser
aggregate structures developed upon the application of the II
method.
These observations are remarkably diﬀerent compared with
our earlier results on PEI-capped gold NPs, which were
presynthesized at 80 °C and then mixed rapidly with sodium
alkyl sulfate solutions. In that case, dispersions of overcharged
gold nanohybrids with much smaller particle size (dH ≈ 25
nm) and pronounced SPR peaks were produced.32
The reasons behind these deviations are primarily
attributable to the temperature dependent mechanism of
gold NP nucleation and growth as well as its interference with
the surfactant binding and repartitioning processes. As we have
shown previously, in the investigated PEI and HAuCl4
concentration range, the Au-PEI NP synthesis was completed
within 2 h at 80 °C.32 However, the reduction of Au(III) ions
through the amine groups of PEI is a much slower process at
25 °C. This is illustrated in Figure 6a, through the variation of
the UV−vis spectrum of HAuCl4/PEI premix solution in time
(cAu(III) = 0.2 mM, cPEI = 1.2 mM) after its preparation together
with the time independent spectrum of the aqueous HAuCl4
solution. The time dependence of the spectrum, measured at
0.1 mM Au(III) and 0.6 mM PEI (which are the ﬁnal
concentrations of these components in the Au/PEI/SDS
mixtures), is shown in Figure S2 of the SI). As shown in Figure
6a, the polymer free aqueous gold(III) complex (at pH 4) can
be characterized with a pronounced absorption peak at
approximately 220 nm, and a slight shoulder at 274 nm.
Figure 4. Mean electrophoretic mobility and the apparent mean
diameter of the gold nanoassemblies against the surfactant
concentration for the samples made by the I (blue diamonds) and
the II (green circles) mixing methods, 1 day (empty symbols) and 1
week (full symbols) after their preparation. The gray rectangle
indicates the precipitation region. cAu = 0.1 mM, cPEI = 0.6 mM.
Figure 5. TEM images of Au_PEI/SDS systems prepared via the I
(top) and II (bottom) protocols 1 week after their preparation. The
surfactant concentration increases from left to right such as 2, 4, 6,
and 8 mM.
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This is due to the formation of Au(III)(Cl−)x(OH
−)y
complexes43 with pH dependent values of x and y (x ≈ 2.46
and y ≈ 1.54 at pH = 4). According to Figure 6a and S2,
however, the mixed chloro/hydroxyl complex is converted
instantaneously to a gold(III)/polyamine complex,20,25 which
is also indicated visually by the appearance of a deep yellow
color upon mixing PEI with HAuCl4. Then, the amount of
Au(III)/PEI complex slowly reduces with a simultaneous
increase in the amount of gold NPs with a characteristic
surface plasmon resonance (SPR) peak at 520 nm and a mild
shoulder in the UV region at 226 nm.
In Figure 6b, the absorbance measured at 520 nm is shown
in the function of time passed after the homogenization of the
HAuCl4(0.2 mM)/PEI(1.2 mM) mixtures. As indicated by the
graph, in the ﬁrst 60 min, the SPR peak is not detectable,
whereas the absorbance grows considerably after 70 min due to
the appearance of gold NPs (with adequate concentration and/
or size to be detected).
In the light the above-mentioned results, it is possible to
aﬀect the nucleation, growth and stabilization of the gold
nanophases with the adjustment of simultaneously occurring
surfactant binding. One way of doing that in a controllable
manner is varying the time before the SDS is added to the
HAuCl4−PEI premix. Based on these reasoning, another
solution preparation method (III method: HAuCl4 + PEI →
delayed addition of SDS) was applied for a couple of
compositions at surfactant excess (e.g., at 2, 4, and 8 mM
SDS), where negatively charged nanohybrids are expected to
be formed according to Figure 4. This mixing protocol is an
extended version of the I preparation method with one
important diﬀerence; i.e. that there is a well-deﬁned waiting
period (delay time: tD) before the SDS solution is added to the
HAuCl4−PEI premix in equal volumes (followed with rapid
homogenization of the mixture).
The delay time was usually varied between 1 and 90 min (in
some control experiments tD = 24 h and 1 week was also
applied) and then the samples were stored at 25 °C before
their analysis with the diﬀerent experimental methods. In
Figure 7, the photos and TEM images of the mixtures,
prepared at 4 mM SDS via the III method at diﬀerent tD values,
are shown 1 week after the addition of the SDS solution. The
delay time increases from left to right in Figure 7 (between 1
and 90 min). As can be seen, the visual appearance of the
samples is remarkably dependent on tD. If the SDS solution
was injected and mixed with the HAuCl4−PEI premix just
couple of minutes after its preparation, then the samples were
bluish. With increasing delay time of SDS addition, however,
the samples became purple-like, and then rosy. Similar color
changes are also observable with the variation of tD at 2 and 8
mM analytical SDS concentrations (see Figure S3 of the SI).
The TEM images of Figure 7 reveal interesting deviations in
the morphology of the gold nanoassemblies formed at diﬀerent
delay times of SDS addition. At smaller tD values, large
agglomerates of AuNPs, embedded in an amorphous PEI/SDS
matrix, are observable. In the case of 1 min delay time, for
instance, the mean diameter of the aggregates is in the range of
40 nm and they are primarily composed of 4−6 crystallites
with diﬀerent orientations. In the sample with tD = 20 min, the
average diameter of the gold nanocrystals is around 20 nm and
they contain many grain boundaries. At even larger delay
times, the mean size of the gold NP agglomerates further
reduces as well as they become more closed, and spherical
containing mainly single crystallite grains. According to Figure
S4, similar eﬀects of tD on the morphology of the gold
nanoassemblies were found at 2 and 8 mM SDS, with the more
pronounced changes observed for the smaller surfactant
concentration.
As shown in Figure 8a, the mean apparent diameter of the
gold nanoassemblies reduces with increasing delay time and
then it roughly levels oﬀ with a shallow minimum at 60 min
after which the diameter values slightly increase. The minimal
Stokes diameter (at around 60 min delay time) is
commensurable with the diameter of the surfactant free PEI-
capped AuNPs. The DLS data of Figure 8a also reveal that the
mean size of the gold nanoassemblies prepared at larger delay
times remains nearly constant over a week. Similar results were
observed at 2 and 8 mM SDS, as indicated in Figure S5a of the
SI.
The changes in the mean size of the gold nanoassemblies are
also reﬂected in the UV−vis spectra of Figure 8b, measured 1
week after their preparation via the III method. As indicated by
the graph, with increasing delay time the intensity of the SPR
peaks decreases as well as a blue shift is also observable in their
position up to 50−60 min (in agreement with the reducing
particle size). With a further increase of tD, however, only slight
deviations in the SPR peak positions are detectable and the
Figure 6. Time dependence of the (a) UV−vis spectra and (b) that of
the absorbance measured at λ = 520 nm directly after the preparation
of the HAuCl4−PEI mixture (cAu = 0.2 mM, cPEI = 1.2 mM) at t = 25
°C.
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spectra closely resemble to that of the PEI capped gold NPs
without SDS. The same trends in the variations of the spectra
with delay time were found at 2 and 8 mM SDS, as shown in
Figures S6 and S7 of the SI.
According to Figure S5b, the electrophoretic mobility of the
gold nanohybrids is not aﬀected considerably by tD within
experimental error for the investigated SDS concentrations.
This also means that the mean (electrokinetic) net charge of
the formed agglomerates of nanoassemblies is not dependent
largely on the timing of surfactant addition. As expected, the
long-term stability of the gold NP dispersions at a given delay
time increases with increasing SDS concentration due to the
increasing net charge of the gold nanoassemblies (tiny amount
of precipitates is only observable for the bluish systems after 1
week).
■ POSSIBLE MECHANISM OF AU-PEI/SDS
NANOASSEMBLY FORMATION
The interpretation of the impact of the diﬀerent preparation
methods is far from being trivial, but it is likely to be connected
to several simultaneous processes. These may include the
complexation of Au(III) ions with diﬀerent ligands, their
reduction via amine groups, the nucleation, growth, and
aggregation of gold nanophases as well as the binding and
redistribution of the anionic surfactants.
In the case of the II mixing method, a considerable amount
of dodecyl sulfate ion is bound onto the amine groups of PEI
in the polymer/surfactant nanophases, before their mixing with
HAuCl4 solution. These preformed PEI/SDS nanoparticles are
small and negatively charged as indicated by their mean
diameter and electrophoretic mobility data for 2, 4, and 8 mM
SDS, as shown in Table S1. Furthermore, these overcharged
PEI/SDS nanophases have low I1/I3 ratio values (≈1.21) of
the pyrene ﬂuorescent spectra, (i.e., close to the one measured
for free SDS micelles ≈1.17) due to their considerably
hydrophobic interior33 (see Table S1). In Figure 9, the time
dependence of the UV−vis spectra of the SDS/PEI/HAuCl4
mixtures, prepared at 4 mM SDS by the II method can be seen.
Directly after homogenization, the spectrum resemble the
one measured for pure HAuCl4 solution. The subsequent
changes of the spectrum in the UV range and their comparison
with Figure 6 (PEI capped gold NP formation) indicate that
the mixed chloro/hydroxo complex of gold(III) ions slowly
transforms into Au(III)/polyamine complex surrounded by
various counterions and bound surfactant molecules. However,
the preformed polymer/surfactant assemblies hinder the
conversion of the mixed chloro/hydroxo complex to Au-
(III)/polyamine complex. On one hand, there is an electro-
static repulsion between the similarly charged PEI/SDS
nanophases and that of the Au(III)(Cl−)x(OH
−)y complexes.
On the other hand, the accessibility of the amine groups of PEI
within the polymer/surfactant nanoassemblies is limited due to
their pronounced hydrophobic nature.33 Thus, both the
reduction of Au(III) ions and the nucleation of gold NPs are
hindered in this kind of environment. Furthermore, due to the
gradual breakup of the PEI/SDS nanophases, the redistribution
of the surfactant ions leads to irregular, large aggregates of the
Au-PEI/SDS assemblies before the development of the
necessary stabilizing charge of the adsorbed excess surfactant
ions. This reasoning is in line with the observed slower growth
of the gold nanophases and the appearance of nanoparticle
agglomerates larger and more irregular than the ones formed
via the application of the I preparation method. In addition,
the I1/I3 ratios (see Table S2) reveal a pronounced
hydrophobic character of the gold nanoassemblies prepared
via the II method.
When the PEI is mixed with HAuCl4 solution at ﬁrst (I and
III methods), then Au(III)/amine complexes are formed
within the hyperbranched PEI immediately as suggested in refs
20 and 25 surrounded by chloride and hydroxyl counterions.
This is followed by the slow reduction of the gold(III) ions
with the subsequent nucleation of the gold nanophases. Several
studies also indicated that the reduction process may also
result in a slight cross-linking of the ethylenimine groups.20
Therefore, the fusion of the primary gold nanophases leads to
AuNPs entrapped within the PEI molecules25 and stabilized
Figure 7. Photos and TEM images of the HAuCl4−PEI/SDS samples prepared by the III. method. The delay time (tD) increases from left to right
on the photo (as 1, 20, 30, 40, 50, 60, 70, and 90 min). All of the samples were stored for 1 week at 25 °C, before taking the pictures or the TEM
images. cSDS = 4 mM, cAu = 0.1 mM, cPEI = 0.6 mM.
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through the charges of the remaining protonated amine groups
at pH = 4.
The impact of SDS addition clearly depends on the actual
stage of the reduction and nucleation processes within the PEI
molecules. Figure 8a reveals that the most prominent changes
in the size of the mixed gold nanoassemblies upon SDS
addition occur in the 1−60 min delay time range. One may
speculate, therefore, that if tD is higher than 60 min, then the
reduction process leads to nanoassemblies with considerable
amount of gold nucleuses already embedded within the PEI
matrix. The gold NP nucleation also leads to more free amine
groups, (not occupied further in the gold(III)/amine
complexes) available for SDS binding. After SDS addition,
the surfactant ions bind instantaneously to the remaining
amine groups of PEI forming a hydrophobic neutral shell
around the core, where further growth and/or fusion of the
gold nanophases could occur within the PEI molecules. This is
followed by the fast adsorption of dodecyl sulfate ions on the
surface of this hydrophobic shell, creating an appropriate
negative charge necessary for the stabilization of these
hierarchical assemblies (similarly to the stabilization of
overcharged PEI/SDS particles33−35).
In Figure 10a, the variation of the UV−vis spectra of Au-
PEI/SDS mixtures with time is shown after the addition of
SDS at tD = 90 min. The graph indicates that the mixed gold
nanoassemblies evolve similarly compared to the development
of pure PEI-capped gold NPs (as shown in Figure 6 and S2).
This was further supported by the comparison with control
experiments, where the HAuCl4−PEI premix was mixed with
water in equal volumes (instead of SDS solution) after tD = 90
min delay time. In Figure 10b, the spectra of these surfactant
free HAuCl4−PEI mixture are shown immediately and 48 h
after the dilution with water together with the corresponding
spectra of HAuCl4−PEI/SDS system (prepared tD = 90 min).
The comparison of the spectra clearly reveals that the time
scale of gold nanoassembly formation is very similar in both
cases. This also means that the addition of SDS to the
HAuCl4−PEI premix at larger delay times (i.e., tD > 60 min)
does not cause signiﬁcant aggregation. This reasoning is also in
agreement with the time independent small mean diameters of
Au-PEI/SDS NPs detected with tD = 60 (22 nm) and 90 min
(26 nm) measured immediately after the addition of SDS up to
1 week.
However, if the delay time is much less than 60 min (within
a couple of minutes for instance) then the surfactant addition
may have diﬀerent consequences than the ones discussed
above. First of all, a considerable part of the ethylenimine
groups of PEI is involved in Au(III)/amine complexes
(possibly in planar arrangements locally with four amine
groups per gold(III) ions), thus the surfactant ions could bind
only to the available protonated amine groups. In addition, the
dodecyl sulfate ions partly replace the chloride and hydroxyl
counterions of the gold(III)/amine complexes. (This counter-
ion eﬀect may be behind the appearance of a small local
minimum in the UV range.44) Due to the hydrophobic
environment of the surrounding PEI/SDS assemblies and their
impact on the optimal structure of the local Au(III)/amine
complexes, the reduction process as well as the fusion of the
gold nucleuses could be considerably hindered. This, in turn,
may slow down the nucleation of the gold nanophases and the
development of a stabilizing surfactant adsorption layer
resulting in considerably larger NPs compared to the surfactant
free PEI-capped gold NPs (and the ones formed at larger tD
Figure 8. (a) Apparent mean diameter of the gold nanoassemblies
against the delay time before SDS addition (tD). The data were
measured 1 day and 1 week after the preparation of the mixtures by
the III method. (b) UV−vis spectra of the samples with diﬀerent tD
values, 1 week after their preparation. The size of the symbols, and the
width of the lines are commensurable with the standard error of the
measurements. cSDS = 4 mM, cAu = 0.1 mM, and cPEI = 0.6 mM.
Figure 9. Time dependence of the SDS/PEI/HAuCl4 mixtures after
their preparation by the II method at 25 °C. The width of the lines is
commensurable with the standard error of the measurements. cSDS = 4
mM, cAu = 0.1 mM, and cPEI = 0.6 mM.
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values). This reasoning is in line with the data of Figure 10c,
where the time dependence of the UV−vis spectra of
HAuCl4−PEI/SDS mixtures, prepared with tD = 2 min, is
shown. The formation of large gold agglomerates with less
pronounced SPR peak is also indicated in Figure 10d, where
the evolution of surfactant free PEI capped gold NPs is
compared with the corresponding Au-PEI/SDS nanoassem-
blies after the addition of water or SDS to the HAuCl4−PEI
premix at tD = 2 min.
These ﬁndings are attributable to the fact that in the
beginning of the gold nucleation process the binding sites of
dodecyl sulfate ions is limited due to the formation gold(III)/
amine complexes. Thus, the driving force for the adsorption of
excess surfactant ions, i.e. for the development of overcharged
hydrophobic PEI/SDS layers around the gold NPs, is low.
Therefore, aggregation of the mixed gold nanoassemblies into
larger agglomerates occurs. As the reduction process of
gold(III) ions proceeds, however, more and more amine
groups become available for SDS binding. This leads to the
development of a more hydrophobic PEI/SDS layer in the
outer region of these gold NP agglomerates and their
stabilization with the adsorption of excess dodecyl sulfate ions.
This also suggests that a slow reorganization of the
surfactant ions could occur during the gold NP nucleation
and growth. This process is manifested in the time dependence
of the pyrene ﬂuorescence results, shown in Figure 11. As
indicated by the graph and the data of Table S2, the I1/I3 ratios
of pure PEI/SDS samples and that of the Au-PEI/SDS
assemblies prepared by the II method or via the III method
with very small or much larger delay times (i.e., tD < 10 and tD
> 90 min) are similar and close to the value measured for the
Figure 10. Time dependence of the HAuCl4−PEI/SDS mixtures after their preparation by the III method (a) at tD = 90 and (c) 2 min delay times.
UV−vis spectra of the samples measured immediately (red solid lines) and 48 h (blue solid lines) after the addition of surfactant (8 mM SDS) to
the HAuCl4−PEI premix (cAu = 0.2 mM and cPEI = 1.2 mM) (b) at tD = 90 and (d) 2 min delay times. For the sake of comparison, control
experiments were carried out where the HAuCl4−PEI premix (with cAu = 0.2 mM and cPEI = 1.2 mM) was mixed with water in equal volumes after
tD = 2 and 90 min delay times. The corresponding spectra of these half diluted HAuCl4−PEI mixtures were measured immediately (red dashed
lines) and 48 h (blue dashed lines) after the addition of water and shown in Figure 10b and d. The width of the lines is commensurate with the
standard error of the measurements. Final concentrations: cSDS = 4 mM or 0 mM, cAu = 0.1 mM, and cPEI = 0.6 mM.
Figure 11. I1/I3 ratios of the HAuCl4−PEI/SDS mixtures as a
function of delay time before SDS addition. The pyrene was added 1
day (open square) or 1 week (solid square) after the preparation of
the system at a given tD and then the mixtures were stirred for 1 day in
order to solubilize completely the pyrene molecules.
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hydrophobic interior of free SDS micelles. Furthermore, the
observed I1/I3 values of these samples are not dependent on
the time passed after the preparation of the systems within 1
week.
The most remarkable feature of Figure 11 is that at
intermediate delay times (10 min < tD < 90 min) larger I1/I3
ratios and a maximum in the function of tD were observed,
provided that the pyrene was added to the mixtures 1 day after
their preparation. However, if the pyrene was solubilized in the
systems 1 week after their preparation, then all the measured
I1/I3 ratios become indistinguishable within experimental error
and equal to the one found for pure (gold free) PEI/SDS
assemblies (≈1.21). This ﬁnding might be explained
qualitatively by the gradual redistribution and organization of
the bound and unbound surfactant ions, which is expected to
occur at intermediate delay times, when the reduction process
has already started but it is still far from being completed. In
this case, the distribution of the surfactant binding sites on PEI
is not ideal for the formation of regular polymer/surfactant
assemblies, which are accessible for pyrene solubilization.
However, as the reduction proceeds further and more amine
groups become free than the extra surfactant binding can
create more accessible and/or larger PEI/SDS assemblies with
pronounced hydrophobic interior and lower I1/I3 ratio.
■ CONCLUSIONS
In the present paper, we have shown that the PEI-assisted gold
nanoparticle formation could be tuned at 25 °C via the
controlled order and timing of SDS addition. At this
temperature the reduction of the Au(III) ions via the amine
groups as well as the nucleation of the gold NPs is much
slower than at elevated temperatures, and they may occur
simultaneously with the surfactant binding on the amine
groups of the polymer. Therefore, both the order of addition of
the surfactant and the time passed before its addition (delay
time) could play a crucial role in the properties of the formed
gold nanoassemblies.
If the surfactant is added at large excess to the HAuCl4−PEI
premix, then the properties of the formed overcharged gold
nanoassemblies are largely dependent on the delay time before
SDS addition. Speciﬁcally, we have shown that via varying the
delay time of surfactant addition between 1 and 90 min, the
size and shape of the gold assemblies can be tuned simply and
reproducibly. Furthermore, the timing of surfactant addition
also aﬀects the morphology of the formed gold NPs, due to the
formation of hydrophobic PEI/SDS reservoirs in the vicinity of
the preformed gold nucleuses and gold(III)/amine complexes.
In contrast, when HAuCl4 is added to the PEI/SDS
mixtures, then the accessibility of the amine groups for the
Au(III) ions is considerably hindered due to the hydrophobic
internal structure of the preformed PEI/SDS assemblies. Thus,
the gold NP formation slows down and the stabilizing eﬀect of
the excess adsorbed surfactant ions is also attenuated. This
results in the formation of large gold aggregates and/or
precipitates over the whole investigated composition range of
surfactant excess.
The present study clearly demonstrated that the manipu-
lation of the simultaneous Au(III)/amine complex formation,
gold NP nucleation and surfactant binding processes at room
temperature largely aﬀects the size distribution, hydrophobicity
and morphology of the PEI entrapped gold NPs. The results
may be further extended for versatile applications, which are
based of noble metal nanohybrids with controlled size, charge,
and hydrophobic environment.
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